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�

andultracoldcollisions involving rotationallyhot oxygenmoleculesare investigatedusingquantum-
mechanical,coupled-channel,coupled-states,and effective-potentialscatteringformulations.Quenchingrate
coefficients� are given for initial rotationallevels nearthe dissociationthreshold.The stability of the oxygen
“superrotors” againstcollisional decayis comparedto previousinvestigationsinvolving hydrogenmolecules
where� therotationalinertiawassignificantlysmaller. In contrastto hydrogen,all possiblestatesof rotationally
hot oxygenare quenchedvery rapidly during a collision with a buffer gashelium atom,and the quenching
efficiency� is alwaysdominatedby purerotationaltransitions.
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INTRODUCTION

Experimental
�

schemesto producediatomic moleculesin
highly excitedrotationalstateshavebeenproposed� 1,2 and�
recentlyrealized � 3��� . Theoreticalstudieshavesuggestedthat
the
�

collisional dynamicsof suchrotationally hot molecules
would� be particularly interestingat low temperatures� 4–

�
8� .

For example,it hasbeendemonstratedthat rotationally ex-
cited� hydrogenmoleculesmayundergo rapidquenchingdur-
ing
�

cold collisionswith a helium atomdueto quasiresonant
vibration-rotation� � QR

�
VR� transitions
� �

4,5
� �

. Alternatively,
hydrogen“superrotors” in certainstatesmayexperiencevir-
tually
�

no collisional quenchingat all ! 6,8
" #

. The fate of the
molecule$ dependsonly on its initial rovibrationalstateand
whether� a nearbyQRVR transitionis energetically allowed.
This all-or-nothingbehaviorproducessharpstructuresin the
rotational distribution of total quenchingrate coefficients%
4,5
� &

. It is naturalto considerwhetherotherdiatomicsystems
would� exhibit a similar kind of quenchingbehaviorduringa
cold� or ultracold collision. Somepreliminary studieswere
performed' for rotationally excitedoxygenmolecules ( 8)�* . It
was� found that all stateswith rotationallevel j

+
less
,

than40
would� be rapidly quenchedin collision with a buffer gas
helium atom due to pure rotational deexcitation.However,
this
�

is not a fair comparisonof the near-dissociationcolli-
sional- dynamics,which is where one might expectsimilar
interesting
�

behaviorto occur. While the hydrogenmolecule
is fully dissociatedby j

+
=40, the oxygenmoleculemust be

excited. to j
+

=120 or so beforecomparableQRVR transitions
are� accessibleand to j

+0/
160 before any interestingnear-

dissociation
1

behaviormight occur 2 8)�3 . Unfortunately, thenu-
mericallyexactcoupled-channel4 CC

576
scattering- formulation

becomes
8

intractible as the rotational levels are increasedto
such- large values. Alternative formulations such as the
coupled� states9 CS

5;:
and� effective-potential< EP

�>=
approxima-�

tions
�

offer a possiblemeansto computethe desiredlarge-j
+

scattering- data.However, it is necessaryto establishthe ap-
plicability' of CS andEPapproximationsin the cold andul-
tracold
�

temperatureregime.In this work, we calculateCC,
CS,
5

and EP crosssectionsfor rotational levels whereeach
formulationis ableto produceresults.After determiningthe
accuracy� of the approximatemethods,we extendthe calcu-
lations
,

all the way to dissociation.

W
?

e also investigatethe translationalenergy dependence
of@ the crosssectionsand rate coefficients,extendingprevi-
ously@ publishedresults A 9B�C to

�
includehighly rotationallyex-

cited� initial states.Oxygen moleculesare open shell with
electron. spin equal to one D this

�
is responsiblefor its para-

magnetism$ E . Therefore,thereexistsa nonzerocoupling be-
tween
�

the electronspin and the nuclear rotational angular
momentum.As in previousstudiesF 9,10,1

B
1G we� assumethat

this
�

coupling is small comparedto the potentialenergy and
its
�

anisotropy. Paramagneticmoleculessuchasoxygenoffer
possibilities' for buffer gascoolingandtrapping H 12I . Conse-
quentlyJ , ultracold collisions of oxygen moleculeswith he-
lium
,

atoms K 9,13
B L

and� with other oxygen molecules M 14N
have
O

beenreportedrecently. The presentresultsadd to this
body
8

of work. It alsoprovidesa point of comparisonto the
rotationalquenchingstudiesof hydrogenmoleculesP 6,8

" Q
and�

molecular$ ions R 15S ,T and with rotational resonancestudiesU
16,17V at� ultracold temperatures.For hydrogenmolecules,

the
�

rotationaldistributionof zero-temperaturequenchingrate
coefficients� revealeda qualitativestructurethatwasindepen-
dent
1

of the colliding partner W 18X . Therefore,we expectthat
the
�

qualitativefeaturesobtainedherefor a helium collision
partner' would likely extendto otherbuffer gasatomsor mol-
ecules.. In the following section,we review the CC formula-
tion
�

that will allow us to determinethe accuracyof the CS
and� EPapproximationsin the ultracoldtemperaturelimit.

II. COUPLED-CHANNEL FORMULATION

The
Y

atom-diatom Hamiltonian in the center-of-mass
frameis given by

H
Z

= −
1

2m[]\ r^2 −
1

2_
`

R
a2 +bdcfe rgih +b VI

jlk rg ,T Rm ,Tonqp ,T r 1s
where� rg is

�
the distancebetweenthe oxygenatoms,R

m
is
�

the
distance
1

betweenthe helium atomandthe centerof massof
the
�

diatom, t is theanglebetweenr and� R,T m[ is the reduced
massof thediatom,and u is thereducedmassof thehelium
atom� with respectto the diatom.The three-dimensionalpo-
tential
�

energysurfaceis separatedinto a diatomic potentialvfw rx and� an interaction potential VI y r ,T R ,T{zq| . The diatomic
Schrödinger
}

equation
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1

2m[
d
� 2�
dr
� 2 −

j
+��

j
+

+ 1b��
2m r[ 2
� − �f� rgi� +b���� j� ��� j��� rg�� = 0 � 2���

is
�

solvedby expandingtherovibrationalwavefunction �¡  j��¢ rgi£
in a Sturmianbasisset.The full wave function is expanded
in a setof channelfunctions ¤ n¥§¦©¨«ª jl+¬�® :

¯ JM
°²±

R³ ,T ŕ¶µ = 1

R
m¸·

n¹ Cn¹»º R¼»½ n¹»¾ R̂,T r¿«À ,T Á 3��Â

Ã
n¹»Ä R̂,T rÅ«Æ = 1

rgÈÇ¡É j�iÊ rËÍÌ mÎ j
Ï
Ð
mÎ l
Ñ
Ò
jl
+

J Óm[ j
� ,T M − m[ l

Ô Õ YmÎ j
Ïj�×Ö r̂Ø YmÎ l

ÑlÔÚÙ R̂Û ,T
Ü
4Ý

where� l
Þ

is the orbital angularmomentumof the atom with
respectß to thediatom,J

à
is
�

the total angularmomentum,M
á

is
�

the
�

projection of J
à

onto@ the space-fixed zâ axis,� andã
jl
+

J ä m[ j
� ,T M −m[ l

Ô å denotes
1

a Clebsch-Gordoncoefficient.Oper-
ating� the Hamiltonian æ 1ç on@ the channelfunctions è 3�êé leads

,
to
�

a setof coupledequations,

d
� 2�

dR
� 2 −

l
Þ
mÎ0ë lÞ mÎ + 1bíì

R2 + 2î EmÎ CmÎðï Rñ = ò
n¹ Cn¹»ó RôÍõ»ö mÎ0÷UI øúù n¹üû ,T

ý
5
þ�ÿ

where� EmÎ is the translationalenergyand l
Þ
mÎ is the orbital

angular� momentumin them[ th
�

channel.The reducedinterac-
tion
�

potentialUI
j is� expandedin Legendrepolynomials,

UI
j�� Rm ,T rg ,T���� = 2� VI

j�� Rm ,T rg ,T���	 = 
�
=0

�
U�� Rm ,T rg�� P����� cos����� � 6"��

and� the solutionto Eq. � 5þ�� is
�

matchedasymptoticallyto free
waves� to obtain the scatteringmatrix S

� �
jl
�

;!�" j�$# lÔ&%J
°

. The cross
sections- aregiven by ' 19(
)+*

j
�-,/.�0

j
��1 = 2

2
�43

E
576

j
�98 2� j+ + 1b;:=<

J
°
=0

>@?
2J
à

+ 1ACB
l
Ô
= D J° −j
�$E

E
J
°
+j
�$FHG

l
Ô&I

= J J° −j
��KML

L
J
°
+j
�$NMOQPSR

j j
�UT-V

ll
ÔXW-Y[Z\Z�]

− S
� ^

jl
�

;_a` j�$b lÔ&cJ
° d

2. e 7f�g
Inspectionof Eq. h 7fai revealsthe difficulty of using the CC
approach� for rotationallyhot molecules.The dimensionality
of@ the scatteringmatrix growsrapidly with increasingj

+
due
1

to
�

the exact treatmentof the angular-momentumcoupling.
For typical moleculesj i.e., any moleculeother than hydro-
genkml the
�

highly rotationallyexcitednear-dissociationdynam-
ics
�

will requirea decouplingapproximationin order to ob-
tain
�

a numericalresult.

III. DECOUPLING APPROXIMATIONS

The coupled states n CS
5po

approximation� q 20,21r begins
8

with�

s J
°utwv

Rx ,T ry{z =
1

R
m}| ~

,j
� C� j
��� R���4� j

��� r� Y j
�M���9� ,0T�� ,T � 8)��

where� � is
�

the body-fixed projectionof both J
à

and� j
+
. The

centrifugal� term in the total Hamiltonianwill give diagonal
matrix elementsproportionalto J

àX�
J
à

+1� + j
+4�

j
+

+1� −2� 2. The
CS
5

approximationis made by neglectingthe off-diagonal
Coriolous
5

couplingsthat arisein the body-fixedframe.Dif-
ferentvariationsof theCSapproximationhaverecentlybeen
studied- by Krems � 22

���
. It wasfoundthattheJ

à
labeled
,

variant
introduced
�

by Pack � 20
���

performed' best for He+CO colli-�
sions- at ordinary temperatures� 22� . This versiondoesnot
generallyk allow s� -wave scatteringfor rotationally excited
states- of the diatom.Therefore,we usethe l

Þ
-labeledvari-

ant� originally proposed by McGuire and Khouri � 21�
which� assumesthat the diagonaleigenvalueof the orbital

angular-momentum� operatorl
Þ̂ 2� is
�

approximatedby l
Þ��

l
Þ
+1b¡ 

where� l
Þ

is a conservedquantumnumber.This procedure
allows� s� -wave scatteringand yields the set of coupled
equations.

d
� 2

dR
� 2 −

l
Þ£¢

l
Þ
+ 1b;¤
R2 + 2¥ E¦ j

� C§ j
��¨ R© = ª«�¬ ,j�� C®�¯ j��°-± R²

³µ´\¶
j
+¸·º¹

UI
j�» ¼�½ j+¿¾ÁÀÃÂ

,T Ä 9B�Å
where�

Æ\Ç
j
+¸ÈºÉ

UI Ê Ë�Ì j+¿ÍÁÎÃÏ
= ÐÑ

=0

Ò
maxÓÕÔ

− 1Ö�×wØ�Ù 2j
+

+ 1Ú[Û 2j
+¿Ü

+ 1Ý�Þ 1/2

ß j
+¿àâá

j
+

0
ã

0 0
ã j

+¿äæå
j
+ç

0 −
ã è é�ê4ë j

�9ì Uí�î ï4ð�ñ j��ò ó .ô
10õ

The ö ÷ denotes
1

a 3j
+

symbol- andthe ø ù below
8

denotesa
6
"

j
+

symbol.- Equation ú 9B�û shows- that the CS formulation re-
quiresJ a set of calculationsfor eachvalue of ü . The EP
formulation is independentof ý with� potentialmatrix ele-
ments$ given by þ 23

� ÿ
���

j
+��

UI
j�� �
	 j+��� = ��

=0

�
maxÓ �

− 1� j� +j
���

+ � j� −j
������

2� + 1�
� �

2
�

j
+

+ 1b �"! 2� j+�# + 1b $ 1/2

% j
+'&)(

j
+

0
ã

0 0
ã *�+-, j�/.U021 3�465 j��7 8 . 9 11:

In
;

the CS andEP formulations,the orbital angularmomen-
tum
�

of the atom is decoupledfrom the orbital angularmo-
mentumof the diatom and is assumedto be a conserved
quantity.J Therefore,the numberof channelsis the sameas
the
�

numberof states<>= ,T j+@? . The CS potentialmatrix elementA
10B and� theEPmatrix elementC 11D are� considerablysimpler

than
�

the CC potentialmatrix element
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I�J
jl
KML

UI
jON PRQ jK'S lÞUTWV = XY

=0

Z
maxÓ\[

− 1] j� +j
�_^

−J
°_`ba

2
c

j
K

+ 1b dfe 2c jK'g + 1b h"i 2c lÞ + 1b j
kml

2
c

l
Þ�n

+ 1b obp 1/2 J l
à

jq
j
K'r

l
Þ�s j
K't)u

j
K

0
v

0 0
v

w l
Þ�x)y

l
Þ

0
v

0 0
v z/{�| j�U}U~2� �-�2� j�_� � � 12�

whose� dimensionincreasesrapidly with j
K
. The CS and EP

approximations� requirematchingthe solution of Eq. � 9�2� to
�

asymptotic� freewavesto obtaintherespectivescatteringma-
trices
�

S
���

j
�
;�2� j�_�J
°��

and� S
���

j
�
;�2� j�_�l
Ô

. Thecollision crosssection � 7f2� may
then
�

be replacedby the respectiveCS or EP crosssection:

���
j
�����2 

j
�_¡ = ¢

2
c-£

E
5
¤

j
�/¥ 2c jK + 1b ¦@§J° =0

¨)©
2J
à

+ 1ªR«¬
=0


maxÓ\®

2 − ¯"° 0±�²f³µ´ j j�·¶¹¸fº�º6»
− S
��¼

j
�
;½6¾ j��¿J
°�À Á

2,Â Ã 13Ä
Å�Æ

j
��Ç�È2É

j
�_Ê = Ë

2
c-Ì

E
5ÎÍ

j
��Ï

l
Ô
=0

Ð)Ñ
2l
Þ
+ 1Ò"ÓÕÔ j j�·Ö¹×fØ�Ø2Ù − S

��Ú
j
�
;Û2Ü j�_Ýl
Ô Þ

2. ß 14à
The
á

set of coupled equations â 5ã2ä and� å 9�2æ mayç be conve-
nientlyè solvedusingthe generalinelasticscatteringprogram
MOLSCAT é 24ê . The rate coefficientsmay be obtainedfrom
the
�

usualthermalaveragingprocedure

Rë j�¹ìîí6ï j��ð¹ñ Tò = ó 8ô kõ BT/
öø÷·ùûú 1/2 1ü

k
õ

B
ý Tþ ÿ 2 0
±
� ���

,j
�����
	

,j
���� Ek

���
�

exp� � − Ek
� /ö kõ BT� Ek

� dE
�

k
� ,Â � 15�

where� T is thetemperatureandk
õ

B
ý is theBoltzmannconstant.

The
á

total quenchingratecoefficientsR
m��

j
��� Tþ�� are� given by

R� j
��� T = !"
# j��$ R% j

�'&)(
*
j
�,+�- T. . / 160

The
á

sumin Eq. 1 162 includes
3

contributionsfrom all possible
exit� channels.The total quenchingratecoefficient is an im-
portant4 quantity in cooling and trappingexperiments.Typi-
cally,5 the ratio of the elastic rate coefficient to the total
quenching6 ratecoefficientmustbe very large in order for a
collisional5 cooling scheme7 e.g.,� buffer gascooling, evapo-
rative cooling8 to

�
be effective. Otherwise,the energy re-

leasedin thedeexcitationprocesswill leadto unwantedheat-
ing
3

of the gasandlimit further cooling efforts.

IV. RESULTS

Figures
9

1 and2 showzero-temperaturecrosssectionsand
rate: coefficientsfor 3

;
He
<

+H2
= . The detailsof the CC calcula-

tions
�

arethesameasthosereportedpreviously > 8ô@? soA will not
be
B

repeatedhere.The CS resultswerecomputedby restrict-
ing
3 C

=0 in Eq. D 10E as� suggestedby Krems F 25
cHG

. This pro-
cedure5 yields crosssectionsthat are qualitatively similar to
the
�

more accurateCC resultsfor both elastic and inelastic
scattering.A The EP resultsare lessaccuratethanCS for this
system,A however, thequalitativebehavioris still quitesimilar

to
�

theCC results,particularlyfor the inelasticcrosssections.
The
á

elasticcrosssectionsgenerallyappearto bemoresensi-
tive
�

to thedecouplingapproximationsthanthecorresponding
inelastic cross sections.The accuracyof the CS inelastic
cross5 sectionsis aboutthe samewhen I is summedover as
it
3

is when J is
3

restrictedto zero.In the resultsthat follow, a
sumA over all possibleK was� usedfor the crosssectionsob-
tained
�

by the CS approximation,unlessstatedotherwise.
For 3

;
He+O2,Â we haveperformedour scatteringcalcula-

tions
�

usingthepotentialenergy surfaceof Groenenboomand
Struniewicz
L M

26
cHN

. For theoxygendiatom,we usedthepoten-
tial
�

of Friedman O 27P as� modified by Babb and Dalgarno

FIG. 1. Elasticscatteringcrosssectionsfor 3
Q
He+H2 in the limit

of zerotemperature.In eachcalculationthe moleculeis initially in
the R =0 vibrational level with initial rotationalquantumnumberj

S
.T

FIG. 2. Ratecoefficientsfor total inelasticquenchingfor 3
Q
He
U

+H2
V in the limit of zero temperature.In eachcalculationthe mol-

eculeis initially in the W =0 vibrational level with initial rotational
quantumnumber j

S
.T The peaksat j

S
=12 and j

S
=24 are due to the

openingof the X j
S

=−4Y[Z and\^] j
S

=−2_a` transitions.TheEPandCS
approximationsareableto reproducetheshapeof themoreaccurate
CC calculations.
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h
28
cHi

. In all of our calculations,theanisotropyof thepotential
ener� gy surfacewas well describedusing j maxk =10, and 20
integrationnodesfor 0 lnmol 90°

�
. Purerotationaltransitions

were� converged to within a few percentfor basissets re-
strictedA to j

K
−10 p j

Krq
j
K

+s 2 with t maxk =1. Rovibrationaltran-
sitionsA requiredadditionalrotationalchannelsto beincluded,
soA we have conservativelyrestrictedthe basisset to j

K
−20u

j
Krv

j
K

+2 where j
K

is the initial level of interest.Figure 3
showsA the total quenchingrate coefficient R

w
0
±

j
x�y Tþ{z 0
v@|

as� a
function of j

K
. The numerically exact CC resultsare given

along� with approximateCS andEPresults.The CC andCS
results: are smoothly varying with a maximum value at j

K
=10. The EP resultsshow a strongnonphysicaloscillation
for j
K~}

15. For j
Kr�

15, theEPresultssettledownandbecome
smoothlyA varyingwith j

K
. TheCSdataslightly underestimates

the
�

ratecoefficientswhile theEPdataarenearlya factorof 2
greater� than the CC resultsfor large j

K
. Although it was not

possible4 to perform CC calculationsfor j
K~�

40, the CS and
EP formulationsallowed us to obtain converged resultsfor
all� possiblevalues of j

K
. Becausethe total quenchingrate

coefficients5 aredominatedby pure rotational � j
K

=−2 transi-
tions,
�

it is possibleto extrapolatethe CC resultsand fit the
j
Kr�

20 datafor eachscatteringformulationusing

lim
T� 0
± R� j

x�� T� = A exp�^��� E/
�
B� ,Â � 17�

where� � E is the energygap betweenthe initial and final
rotational levels. The exponential scale parameterB is
140.845cm−1 and� the coefficient A

�
is
3

1.5, 3.5, and 2.0�
10−11 cm5 3

;
sA −1 for

�
CS, EP, and CC respectively.

Figure4 showstheratecoefficientsfor rovibrationaltran-
sitionsA in which thevibrationallevel is increasedby oneunit.
Both
�

CS results �'� maxk =0 and � maxk = j
K

+2s�� showA a similar
structureA with sharpincreasesoccurringat the openingof a

new channel.The � maxk =0 calculationsprovidea factor of j
K

speedupA over the full CS calculationsandarecomparablein
speedA to theEPcalculations.TheEPresultsshowlessstruc-
ture
�

at the low j
K

thresholds
�

but qualitativelysimilar behavior
to
�

CS as j
K

is increased.The � j
K

=−8 transitionbecomesen-
er� getically allowedat j

K~�
71,
�

the � j
K

=−6 transitionat j
K~�

91,
�

and� the � j
K

=−4 transitionat j
Kr 

130.A very small disconti-
nuity may be seenin Fig. 3 at j

K
=130 due to the ¡ j

K
=−4

transition
�

which providesa small contribution to the total
quenching6 rate coefficient.The moleculedissociatesbefore
the
�£¢

j
K

=−2 transitionbecomesenergeticallyallowed.Thero-
tational
�

distribution of zero-temperaturerate coefficients
given� in Fig. 4 is reminiscentof the staircaseplot for the
fixed
¤ ¥

j
K

/
�§¦�¨

ratios: thatwasfoundin classicaltrajectorystud-
ies
3

of QRVR transfer © 29
c«ª

. Thestructureis a consequenceof
the
�

balancebetweenenergy and angular-momentumcon-
straintsA ¬ 30

H®
and� appearsto be a universalfeatureof atom-

diatom
¯

collisions independentof the specificsystem.How-
ever� , thedistributionmayappeardifferently for eachsystem.
For example,in Fig. 2 the ratecoefficientsfor He+H2 showA
a� sharpincreaseat the openingof a QRVR transition fol-
lowed
°

by a smoothdecreasewith j
K

until± the next QRVR
transition
�

is energeticallyaccessible.Figure4 showsthat the
ratecoefficientsfor He+O2 are� muchflatter in betweenthe
dif
¯

ferentthresholdsbut becomemorelike theH2
² resultsas j

K
increases.
3

This is becausethe transitionsbecomemorespe-
cific5 andefficient as the angular-momentumgapis reduced.
Thesmoothdecreasewith j

K
following a QRVR thresholdis a

consequence5 of the increasingenergy gapbetweenthe initial
and� final rovibrationallevels.The issueof whetherthesharp
increase
3

plays an importantrole in the rotationalrelaxation
depends
¯

on the magnitudeof the rovibrational rate coeffi-

FIG.
³

3. Ratecoefficientsfor total inelasticquenchingfor 3
Q
He
U

+O2 in the limit of zero temperature.The CC and CS resultsare
smoothlyvarying with a maximum value at j

S
=10. The EP results

showa strongnonphysicaloscillation for low valuesof j
S
.T The CS

dataslightly underestimatesthe ratecoefficientswhile the EP data
arenearlya factor of 2 greaterthanthe CC resultsfor large j

S
.T

FIG. 4. Rate coefficientsfor ´[µ =1 transitionsin the limit of
zero temperature.CS calculationswere performedusing ¶ max· =0
and ¸ max· = j

S
+2. Both CS calculationsshow similar structurewith

sharp increasesoccurring at the openingof a new channel.The¹
j
S

=−8 transitionbecomesenergetically allowed at j
S»º

71, the ¼ j
S

=−6 transitionat j
S¾½

91,
¿

and the À j
S

=−4 transitionat j
S¾Á

130. The
moleculedissociatesbeforethe Â j

S
=−2 transitionbecomesenergeti-

cally allowed.TheEPresultsshowlessstructureat thelow j
S

thresh-
Ã

olds but qualitativelysimilar behaviorto CS as j
S

is
Ä

increased.
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cients5 relative to the pure rotational rate coefficients.For
hydrogen
É

molecules,thepurerotationalquenchingratecoef-
ficients
¤

weredominatedby therovibrationalratecoefficients
whenever� QRVR transitionswereenergeticallyopen.Figures
3


and4 showthat this is not the casefor oxygen.The pure
rotational: quenchingrate coefficientsare always dominant
for
�

all j
K

and� the rovibrational transitionsplay a negligible
role in therelaxation.In addition,therotationalquenchingis
quite6 large so it is clear that a superrotor madeof oxygen
would� be muchmorefragile thanonemadeof hydrogen.

Figure
Ê

5 showscrosssectionsfor the Ë)Ì =0,Í j
K

=−2 tran-
sitionA asa function of the incidentkinetic energy. The mol-
ecule� is in the Î =0 level for all data shown. Shapereso-
nancesè occurat aboutthe sametranslationalenergy for each
initial
3

j
K

level.
°

The locationsof theshaperesonancesarealso
the
�

sameas thosereportedpreviously Ï 9�@Ð for the Ñ =1,j
K

=1
level. The magnitudesof the crosssectionsshownin Fig. 5
are� muchgreaterthanthosegiven in Ref. Ò 9�@Ó because

B
of the

availability� of pure rotational quenching,which dominates
overÔ the less efficient rovibrational quenching. Wigner
threshold
�

E−1/2 behavior
B

occurs for energies less than
10−2cm5 −1,Â in agreementwith thecrosssectionsgiven in Ref.Õ
9
�@Ö

.
Figure 6 showsthe rate coefficientsfor the ×)Ø =0,Ù j

K
=

−2 transitionasa functionof temperature.Themoleculeis in
the
� Ú

=0 level for all datashown.The shaperesonancesin
the
�

crosssectionsÛ seeA Fig. 5Ü give� rise to stepsin the rate
coefficients5 for temperaturesaround 1–10 K. The Wigner
threshold
�

limiting behavioroccursfor T Ý 10−2 K yielding
veryÞ efficient ultracold quenchingrate coefficientsof about
10−11 cm5 3

ß
sA −1,Â in agreementwith theresultsshownin Fig. 3.

All data shown in Fig. 5–7 were computedusing the CC
scatteringA formulation. Figure 7 shows cross sectionsfor
elastic� scatteringas a function of translationalenergy. The
moleculeç is in the à =0 level with j

K
=3,5,7, and 9. The

W
á

igner thresholdlaw for elasticscatteringrequiresthecross
sectionA to approacha constantvalueas the collision energy
tends
�

to zero. This occurs for energies below 10−3 cm5 −1

which� is a factor of 10 lower than the onset of inelastic
threshold
�

behavior. Structurein the elasticcrosssectiondue
to
�

shaperesonancesoccursjust below 1 cm−1 as� in the case
ofÔ inelastic scatteringâ seeA Fig. 5ã . A similar structurewas
found
� ä

9
�@å

at� this energy for j
K

=0 as were the oscillationsin
the
�

crosssectionfor energies between1 and 10 cm−1. The
zero-energy crosssectionfor elasticscatteringis extremely
small,A typically around10 Å2 for

�
therotationallevelsshown

in
3

Fig. 7. This is morethan500 timessmallerthanthezero-
ener� gy elasticcrosssectionfor hydrogenmoleculesæ 5ã@ç and�

FIG.
è

5. Cross sectionsfor the é[ê =0,ë j
ì

=−2 transition as a
function of translationalenergy. The moleculeis in the í =0 level
for all datashownand the calculationswere performedusing the
CC formulation.Shaperesonancesoccurat aboutthesametransla-
tional energy for eachinitial j

ì
level. TheWigner thresholdlimiting

E−1/2 behavioroccursfor E î 10−2 cm1.ï

FIG. 6. Ratecoefficientsfor the ðañ =0,ò j
ì

=−2 transitionas a
function of temperature.The moleculeis in the ó =0 level for all
datashown.The shaperesonancesin the crosssectionsgive rise to
stepsin the ratecoefficientsfor temperaturesaround1–10 K. The
Wigner thresholdlimiting behavioroccursfor T ô 10−2 K.

FIG. 7. Cross sectionsfor elastic scatteringas a function of
translationalenergy. The moleculeis in the õ =0 level for all data
shown and the calculations were performed using the CC
formulation.
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suggestsA that collisional cooling would be very difficult for
oxygenÔ moleculesevenin theabsenceof inelasticquenching
collisions.5

Figure8 showscrosssectionsfor the ú)û =0,ü j
K

=−2 tran-
sitionA as a function of energy. Thesecross sectionswere
calculated5 usingtheEPapproximationwhich allowedhigher
valuesÞ of j

K
to
�

be considered.The curvesappearto be very
similarA to thosein Fig. 5 which werecomputedusingtheCC
formulation.
�

The shaperesonancesin the crosssectionsoc-
cur5 at thesameenergiesasbefore.Becauseof thedecoupling
ofÔ angularmomenta,the EP approximationallows for the
resonantpartial waves to be more easily identified. The
strongA resonancesaround1 cm−1 are� dueto the l

ý
=4 centrifu-

gal� barrier, and the weakerresonancesaround4 cm−1 are� a
result of the l

ý
=5 centrifugal barrier. Similar behaviorwas

found using the CS approximation.Figure9 showsthe cor-
responding: elastic cross sectionsfor the EP calculations.
Again,
þ

the curvesappearto be very similar to thosecom-
puted4 for smaller j

K
using± the CC formulation ÿ seeA Fig. 7� .

The minima near 0.02cm−1 found in the CC elastic cross
sectionsA for low rotationallevelsareabsentin theEPresults
for
�

highly excitedstates.Although the decouplingapproxi-
mationstendto be lessreliablefor elasticscattering,the EP
and� CSresultssuggestthat thezero-energy elasticcrosssec-
tions
�

are evensmaller for highly rotationally excitedstates
than
�

for the low-lying rotationalstates.

V. CONCLUSIONS

W
á

e haveinvestigatedcold andultracoldcollisionsinvolv-
ing rotationally excited oxygen moleculesusing quantum-
mechanicalCC, CS, and EP scatteringformulations. For
lar
°

ge rotational levels, the CS and EP approximationsgive
results: that are within a factor of two of numericallyexact
CC
�

results.This amountof error is acceptableconsidering

the
�

potential-energy surface is not designedfor ultracold
temperatures
�

and the spin-rotationcoupling has been ne-
glected.� Thequalitativeagreementbetweenthe threescatter-
ing formulationsis encouraging,and we concludethat the
decoupling
¯

approximationsprovide a meansto obtain reli-
able� estimatesfor stateswith large internalangularmomen-
tum.
�

It is found that all possiblestatesof rotationally hot
oxygenÔ are quenchedvery rapidly during a collision with a
buf
B

fer gashelium atom,and the quenchingefficiency is al-
ways� dominatedby purerotationaltransitions.This finding is
in contrastto rotationallyhot hydrogenmolecules,which has
veryÞ low quenchingefficiency when QRVR transitionsare
closed5 andvery high quenchingefficiencywhenQRVR tran-
sitionsA areopen.

Although the quenchingefficiency for QRVR transitions
was� foundto besmall for oxygen,a staircaseplot wasfound
for
�

theratecoefficientsasa functionof rotationallevel.This
feature
�

of rovibrational transitionsoccursas a result of the
openingÔ of new channelsasthe rotationallevel is increased.
Resonancesin the scatteringcrosssectionswere seenas a
function
�

of translationalenergy. The elasticcrosssectionat
low
°

energy wasvery small for all rotationallevels.Thesmall
elastic� crosssectionsandtheefficientpurerotationalquench-
ing behaviorindicatethat the near-dissociationdynamicsof
molecularç oxygen would be less interestingand probably
moredifficult to studyexperimentallythanthecorresponding
case5 of molecularhydrogen.
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FIG. 8. Cross sectionsfor the ��� =0,� j
ì

=−2 transition as a
function of translationalenergy. The moleculeis in the � =0 level
and the calculationswere performedusing the EP approximation.
The shaperesonancesnear1 and 4 cm−1 are� due to l=4 and l=5
centrifugalbarriers,respectively.

FIG. 9. Cross sectionsfor elastic scatteringas a function of
translationalenergy. The moleculeis in the � =0 level andthe cal-
culationswere performedusing the EP approximation.The zero-
energy elasticcrosssectionsareextremelysmallfor highly rotation-
ally excitedstates.
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